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Abstract 
The tetragonal ternary compound TbIr2Si2 shows polymorphism; the ThCr2Si2-type structure as a low 
temperature phase (I-phase) and the CaBe2Ge2-type one as a high temperature phase (P-phase) exist.    
In order to compare with magnetism of the morphs, magnetic measurements were performed on the I- 
and P-phase single crystals. The magnetic behavior changes drastically depending on the structure. 
The TbIr2Si2 (I) shows an antiferromagnetic ordering below TN=80 K, a strong uniaxial magnetic 
anisotropy with the easy [001] direction, and isotropic magnetic behavior in the basal plane. The [001] 
magnetization shows a clear two-step metamagnetic transition: an Ising-like behavior at low 
temperatures. On the other hand, the TbIr2Si2 (P) has the comparatively low ordering temperature of 
TN1=11.5 K and an additional transition temperature of TN2=5 K, and exhibits an easy-plane magnetic 
anisotropy with the easy [100] direction. A strong magnetic anisotropy appears for high magnetic 
fields between the directions in the basal plane. Multi-step metamagnetic processes appear. In the both 
phases, the F-T behavior suggests the existence of component-separated magnetic transitions. The ab-
component of magnetic moments orders at the higher transition temperature TN1 for the P-phase 
compound, which is contrast to the I-phase behavior; the c-component orders firstly at TN in the I-
phase. The crystalline electric field analysis was made, and the CEF effects explain the different of 
magnetic anisotropy between the both phases. 
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1 Introduction 
The crystallographic symmetry is one of most important factors to affect the properties of matter. 
Especially, the space reflection symmetry plays an important role to determine an electronic state 
which is an important key to affect the physical properties. The tetragonal ternary compounds RIr2Si2 
(R = rare earth) exhibit polymorphism; they have two different crystallographic structures: the 
ThCr2Si2-type structure (I4/mmm) of low temperature phase and the CaBe2Ge2-type one (P4/nmm) of 
high temperature phase, which is referred to as the I-phase and P-phase (I and P are quoted from the 
symbol of corresponding space group.), respectively, without changing chemical composition [1]. The 
crystal structure of the I-phase has centrosymmetry, while one of the P-phase is non-centrosymmetry. 
So this RIr2Si2 family is suitable to study how physical properties are influenced by crystallographic 
symmetry.  Comparative studies with physical properties on two polymorphs have been performed on 
some compounds of this family. The high temperature polymorphs (P-phase) of YIr2Si2 and LaIr2Si2 
become superconducting at 2.52 K and 1.24 K, respectively, while low-temperature ones (I-phase) are 
normal down to 1 K [2]. Both CeIr2Si2 polymorphs remain paramagnetic. The I-phase behaves as a 
Fermi-liquid, whereas the P-phase exhibits non-Fermi-liquid features [3]. In PrIr2Si2, the P-phase 
remains paramagnetic down to 2 k whereas the I-phase exhibits an antiferromagnetic ordering below 
45.5 K. The different types of magnetic anisotropy, an easy axis anisotropy in the I-phase and an easy 
plane one in the P-phase, are reported [4]. Magnetism in NdIr2Si2 has been studied only for the I-phase. 
It shows a collinear antiferromagnetic ordering below 32.3 K with Nd magnetic moments along the c-
axis [5]. For RIr2Si2 (R = heavy rare earth) series, there are a few reports on I-phase polycrystalline 
compounds; TbIr2Si2, DyIr2Si2 and ErIr2Si2 order antiferromagnetically below 80 (or 75), 40 and 10 K, 
respectively [6-9]. Bazela presented the correlation between the crystal structure and magnetic 
ordering, and asserted a strong dependence of magnetic ordering on the a/c ratio [10]. The 
comparative studies with two polymorphs on single crystal compounds are interesting. 
We succeeded to grow both TbIr2Si2 (P- and I-phase) single crystals and performed magnetic 
measurements on the single crystals. In this paper, we present comparative magnetic behaviors with 
two polymorphs and the crystalline electric field (CEF) analyses. 
2 Experimental Procedure 
Single-crystals TbIr2Si2 were grown by the Czochralski technique using a tri-arc furnace; that is, 
polycrystalline samples were prepared by arc-melting a stoichiometric mixture of the pure elements 
(Tb: purity of 3N, Ir: 3N, and Si: 5N) in an argon atmosphere. Subsequently, a single crystal was made 
by the pulling-up method in the tri-arc furnace. We were able to make a single crystal of different 
polymorph by controlling the pulling-up rate.  The I-phase and P-phase single crystal were obtained 
by slow and high speed rate, respectively. The crystal structure and the single phase nature were 
confirmed by X-ray powder diffraction. The quality of the single crystal was checked, and 
crystallographic orientations were determined by the back Laue method. The crystal was fixed on a 
thin plastic plate so that the desired direction is perpendicular to the plate within an experimental angle 
accuracy of one degree. It was subjected to magnetic measurements. The magnetic susceptibility 
(which is determined from M/B under B = 0.1 T where magnetization curves are linear.) and low-field 
magnetization below 7 T were measured using a PPMS (Quantum Design). Stable high-field 
magnetization measurements were performed using a superconducting magnet up to 18 T by a sample 
extracting magnetometer at High Field Laboratory for Superconducting Materials, the Institute for 
Material Research, Tohoku University. Pulsed high-field magnetization measurements were 
performed up to 57 T by a pick-up coil method using a non-destructive long-pulse magnet installed at 
the International MegaGauss Science Laboratory in the Institute for Solid State Physics, the University 
of Tokyo. The specific heat was measured by a relaxation method using the PPMS. 
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3 Results and Discussion 
3.1 Lattice parameter 
X-ray diffraction measurements were done to determine to which phase crystals belong. Then we 
were able to obtain crystallographic data of two phases by least square analysis to the powder pattern, 
which are shown in the Table 1. The c/a ratio of the I- phase is 1.05 times as large as that of the P-
phase; The I-phase, low temperature phase, elongates along the c-axis than the P-phase, high 
temperature phase.  This large difference should make difference of magnetic anisotropy between two 
phases, and change magnetic ordering, claimed by Bazela [10].  
3.2 Magnetic susceptibility 
The temperature dependences of magnetic susceptibilities along the main symmetry axes in the 
tetragonal cell for the I-phase and P-phase are shown in Fig. 1 and 2, respectively. A precise magnetic 
anisotropy between the c-axis and directions in the basal plane is evidenced from the figures while an 
anisotropy within directions in the basal plane is very small. In Fig. 1 (the I-phase), the [001] 
susceptibility shows a maximum at TN=80 K, indicating an antiferromagnetic transition, whereas no 
anomaly is observed in the basal plane around TN. This result suggests that the c-component of 
magnetic moments of the Tb3+ ions orders independently at TN and the ab-component remains in a 
paramagnetic state. This type of transition is called “a component-separated magnetic transition” [11, 
12]. The transition TN is confirmed from the specific heat measurement; there is a O-type anomaly  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
around TN in the C-T . 
TbIr2Si2 a (nm) c (nm) c/a 
I-phase  0.4053 0.9984 2.46 
P-phase 0.4101 0.9643 2.35 
Table 1: Crystallographic data of both polymorphs 
Figure 1. Temperature dependences of magnetic 
susceptibilities along the main symmetry axes of 
a tetragonal cell on a TbIr2Si2 (I) single crystal. 
Broken lines show calculated values using the 
CEF parameters. The inset shows the thermal 
variation of specific heat. 
Figure 2. Temperature dependences of magnetic 
susceptibilities along the main symmetry axes of 
a tetragonal cell on a TbIr2Si2 (P) single crystal. 
Broken lines show calculated values using the 
CEF parameters. The inset shows the thermal 
variation of specific heat. 
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around TN in the C-T curve (the inset of the Fig. 1). 
In Fig. 2 (the P-phase), a clear cusp is seen at TN2=5.0 K along the main symmetry directions. An 
additional anomaly appears at TN1=11.5 K along only the [001] direction. Although it is hardly seen in 
this figure, a very small knee certainly exists. The specific heat shows two clear anomalies around TN1 
and TN2 in the C-T curve (the inset of Fig. 2). These results also suggest “successive component-
separated magnetic transitions”. Here, the ab- and c-component of magnetic moments order 
independently at TN1 and TN2, respectively. The different types of component-separated magnetic 
transitions between the I- and P-phase appear; the c-component of magnetic moments orders firstly in 
the I-phase whereas the ab-component orders firstly at higher transition temperature TN1 in the P-phase. 
The ordering temperature of the I-phase is considerably larger than that of the P-phase; it of the I-
phase is 7 times as large as that of the P-phase, indicating a strong antiferromagnetic interaction in the 
I-phase. 
The magnetic susceptibilities along the main symmetry directions obey the Curie-Weiss law in 
the paramagnetic temperature range; the F-1-T curves become linear for high temperatures. The 
estimated effective magnetic moments Peff are listed in the Table 2 with other magnetic data. The 
effective magnetic moments are almost in agreement with the Tb3+ free ion magnetic moment (9.72 
PB). This shows that 4f electrons in TbIr2Si2 are well localized and Ir ion is nonmagnetic. In the I-
phase, paramagnetic Curie temperature along each direction: T001, T100 and T110 is 58.6, -101.5 and -
117.2 K, respectively. In the P-phase, T001, T100 and T110 are negative and small compared with that in 
the I-phase. The difference in paramagnetic Curie temperatures between the c-axis and the c-plane 
'T T001 - Tab (Tab = (T100+ T110)/2) is about 170K and -16 K in the I-phase and P-phase, respectively.  
This indicates that magnetic anisotropy in the I-phase is much larger than that in the P-phase. 
 
 
 
 
 
 
 
3.3 Magnetization process 
 Magnetization curves of the both phases are shown for low and high temperatures in Figs.3-6. For 
the I-phase (Figs. 3 and 5), it is evidenced that the hard magnetization direction is in the basal plane. 
Magnetization is isotropic within the basal plane, and increases almost linearly. There is no transition 
in the hard magnetization process. On the other hand, in the easy c-axis process (the [001] 
magnetization process in the Fig. 3), a clear two-step metamagnetic transition appears; the 
magnetization is small for low magnetic fields, increases rapidly at the critical fields Bc1 = 8.8 and Bc2 
=14.1 T, and almost saturates above Bc2 in the ascending process. These critical fields are slightly 
larger than those reported by A. Szytula et. al. [7]. Hysteresis loops with small width of 0.15 T are 
observed around the both critical fields, indicating that the transitions are of the first order. The 
magnetization curve of the first step is flat and almost horizontal, showing the field-induce phase is 
stable and probably a commensurate one. The magnetization of the first step M1 is 4.1 PB/f.u. and the 
saturation magnetization Ms is 8.1 PB/f.u. which is smaller than the Tb3+ free ion moment (gJ = 9 PB), 
and is agreement with the value determined from neutron diffraction [6].  Ms is almost 2 times as large 
as M1. The simple antiferromagnetic structure, AF-I type has been reported; ferromagnetic c-layers 
composed of magnetic moments along the c-axis stack alternatively +–+– along the c-direction [6, 8]. 
The similar magnetization process has been reported on a lot of compounds having the AF-I type, for 
example on TbRh2Si2 with a high TN, and the process is explained as following; the field-induced 
phase is a +++– structure; one of two – layers flips at Bc1. The mechanism of this process were  
TbIr2Si2 TN (K) T001 (K) T100 (K) T110 (K) Peff (PB) 0s (PB) Easy axis 
I-phase  80 58.6 -101.5 -117.2 9.89 8.1 [001] 
P-phase 11.5, 5.0 -27.2 -1.6 -1.8 9.98 9.1 [100] 
Table 2: Magnetic data of both the polymorphs 
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explained successfully by the wave like molecular field model for the isostructural TbRh2Si2 [13]. 
This process of TbIr2Si2 (I) may be also explained by the same model. These metamagnetic transitions 
are smeared with increasing temperature. The process becomes a one-step metamagnetic one around 
55 K, and the metamagnetic transition disappears above TN (Fig. 5). 
High field magnetization processes in the P-phase under long-pulsed magnetic fields up to 57 T 
are shown in Figs. 4 and 6. The easy magnetization direction is the [100] direction in the basal plane. 
The magnetization increases with a considerably large gradient up to about 6 T, and with a smaller 
gradient above 6 T. It is still not saturated at 57 T of the maximum field in this experiment. The 
saturation magnetization Ms, estimated by extrapolating B to the infinity in M vs B-2 plot, is 9.1 PB/f.u. 
which is in agreement with the saturation moment for the Tb3+ free ion. The inset in Fig. 5 shows low 
field magnetization processes measured by PPMS. Two metamagnetic transitions appear around Ba1 = 
2.0 and Ba2 = 5.0 T in the [100] magnetization process, indicated by upward arrows in the figure. In the 
Figure 3. Magnetization curves along the main 
symmetry axes at 4.2 K on the TbIr2Si2 (I) single 
crystal.  
Figure 4. Magnetization curves at 1.8 K on the 
TbIr2Si2 (P) single crystal. The inset shows the 
low field magnetization curves. 
Figure 6. Magnetization curves at 16 K on the 
TbIr2Si2 (P) single crystal. Broken lines show 
calculated values using the CEF parameters. 
Figure 5. Magnetization curves at 85 K on the 
TbIr2Si2 (I) single crystal. Broken lines show 
calculated values using the CEF parameters. 
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[110] process, two metamagnetic transitions also appear around Bb1 = 1.5 T and Bb2 = 3.5 T, indicated 
by downward arrows. The [110] high field magnetization curve is almost parallel to the [100] one, and 
is smaller than that of [100] by 0.4 PB. The saturation moment estimated by the extrapolation method 
is 8.7 PB/f.u., that is, still doesn’t reach the full Tb moment, which indicates that there is an 
abnormally strong magnetic anisotropy between the [100] and [110] directions in the basal plane. The 
mechanism of metamagnetic process is unknown now. The [001] direction is the hard magnetization 
direction. There is no transition in the process although the higher field measurement at the low 
temperature could not be made due to heating by eddy current. For the paramagnetic temperatures, 
magnetization curves along the main symmetry directions show no transition.  
3.4    Magnetic phase diagram 
The B[easy direction]-T magnetic phase diagrams were constructed from the magnetization processes at 
various temperatures and the temperature dependences of M/B at various magnetic fields for the I- and 
P-phase, and are shown in Fig. 7 and 8, respectively. For the I-phase, there are two ordered phases 
which are corresponding to the two-step metamagnetic transition. A similar diagram has been already 
reported from measurements on a polycrystalline sample [7] although the transition temperature and 
critical fields are little bit different from ours. The low field phase-I is a simple collinear 
antiferromagnetic structure, AF-I type: +-+- structure. The field-induced phase-II can be speculated to 
be a ferromagnetic one: the +++- structure. On the other hand, the P-phase has three ordered phases 
due to the two metamagnetic transitions and successive component-separated magnetic transitions. 
The magnetic phases are referred to as phase I, II and III as shown in the figure. The magnetic 
structures of antiferromagnetic phases I, II, and field induced phase III are unknown yet. A peculiar 
boundary line appears between the phases I and II. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.5 Crystalline electric field 
The crystalline electric field (CEF) analysis was performed in order to discuss the difference of 
anisotropic magnetic behaviors between the I- and P-phase. For a site with tetragonal symmetry, the 
CEF Hamiltonian is given by 
Figure 7. B001-T magnetic phase diagram of the 
TbIr2Si2 (I). Squares are critical fields determined 
from M(B) curves.  
 
Figure 8. B100-T magnetic phase diagram of the 
TbIr2Si2 (P). Closed squares are critical fields 
determined from M(B) curves. Circles are 
transition temperatures determined from M(T) 
curves. 
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ܪ஼ாி ൌ ܤଶ଴ܱଶ଴ ൅ ܤସ଴ ସܱ଴ ൅ ܤସସ ସܱସ ൅ ܤ଺଴ܱ଺଴ ൅ ܤ଺ସܱ଺ସ                   
where ܤ௡௠  and ௡ܱ௠  are the CEF parameters and the Stevens operators, respectively. The total 
Hamiltonian, Htotal, including the interaction of rare earth moments with the molecular field is used. 
       Htotal = HCEF + gPBJi(H+OM)                                               
In this expression, Ji (i=x, y, z) is the component of the angular momentum, O is the molecular field 
coefficient. In the calculation, the parameter, TP, which is defined as TP = g2PB2OJ(J+1)/3k, is used 
instead of O [14]. The parameters were determined from the best fit of the calculated values to the 
experimental curves of M(B) at a paramagnetic temperature and F(T) for the paramagnetic region 
using a least-squares method. The deduced parameters are listed in Table 3. The calculated results are 
shown by broken lines in figures. The deduced CEF level splitting in the I-phase is followings; the 
ground state is doublet and a doublet excited state at 125 K exists above the ground state, leading a 
stable Tb magnetic moment. The overall splitting is 457 K. On the other hand, in the P-phase, the 
ground state is a singlet which has a doublet excited state at 26 K and a singlet one at 69 K above the 
ground state. The overall splitting is 330 K which is smaller than that of the-I phase. The magnetic 
susceptibilities (Figs. 1 and 2) and magnetizations (Figs. 5 and 6) for the paramagnetic region are 
satisfactorily reproduced by the calculated values. The positive sign in the I-phase and negative sign in 
the P-phase of ܤଶ଴ are consistent with the fact that the easy magnetization direction is the c-axis and 
the [100] direction in the basal plane, respectively. The value of ܤଶ଴ for the-P phase is on the same 
order as those of the isostructural compounds TbCu2Si2 [15, 16] and TbPd2Si2 [17] which have the 
same easy plane-type magnetic anisotropy, and is much smaller than that of the I-phase. The value of 
ܤଶ଴ for the I-phase is almost agreement with the value in the article reported by W. Bazela [10], and is 
on the same order as those of compounds which show Ising-like behavior such as TbRu2Si2 [18]. The 
higher-order parameters ܤସସand ܤ଺ସ are considerably large in the P-phase, leading to strong magnetic 
anisotropy within the basal plane for high magnetic fields; magnetization curves in the basal plane are 
almost parallel to each other. The multi-step metamagnetic processes in the both ordered states are, of 
course, not explained by CEF effects only, and other effects such as competing exchange interactions 
are required. 
 
 
 
 
 
 
3.6    Summary 
    We succeeded the single crystal growth of both TbIr2Si2 polymorphs: the I-phase, the low 
temperature phase with the ThCr2Si2-type structure and the P-phase, the high temperature phase with 
the CaBe2Ge2-type one. Comparative magnetic study with the two polymorphs has been made. The 
TbIr2Si2 (I) shows an antiferromagnetic ordering with the high ordering temperature of TN=80 K, a 
strong uniaxial magnetic anisotropy with the easy direction of the c-axis, and an isotropic magnetic 
behavior in the basal plane. The c-axis magnetization shows a clear two-step metamagnetic transition: 
an Ising-like behavior at low temperatures. This process can be speculated as follows; the spin-flip 
occurs at the two critical field; +-+- Æ +++- Æ+++. On the other hand, the TbIr2Si2 (P) has the 
comparatively low antiferromagnetic ordering temperature of TN1=11.5 K and an additional transition 
temperature of TN1=5.0 K, and exhibits an easy-plane magnetic anisotropy with the easy [100] 
direction. An abnormally strong magnetic anisotropy appears for high magnetic fields between the 
directions in the basal plane. Multi-step metamagnetic transitions appear in the basal plane magnetic 
processes. CEF analysis was performed. It deduced that the ground state is a doublet and a singlet for 
I- and P- phase compounds, respectively, which is reasonable for magnetic behaviors of the both 
TbIr2Si2 ܤଶ଴ (K) ܤସ଴ (K) ܤସସ (K) ܤ଺଴ (K) ܤ଺ସ (K) Tp (K) 
I-phase  -3.605 4.371x10-3 -5.747x10-2 -9.263x10-5 -1.207x10-3 -17.34 
P-phase 0.257 2.387x10-3 3.000x10-2 2.883x10-5 3.092x10-3 6.590 
Table 3: CEF parameters and deduced paramagnetic Curie temperature for both the polymorphs. In 
calculation, the significant digit is four. 
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phases. There is a noticeable feature; the F-T behavior suggests the existence of “component-separated 
magnetic transitions” in the both phases, and the types of transition are different between the I- and P-
phase. The ab-component of magnetic moment orders at higher transition temperature TN1=11.5 K for 
the P-phase compound, which is a new phenomenon, while the c-component orders firstly for the I-
phase compound. For the P-phase compounds, a peculiar B100-T magnetic phase diagram is obtained, 
and magnetic structures are unknown yet. Further studies are planning. 
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